Abstract. Based on the configuration theory of screw theory, this paper designs and develops a new multi-mode moving mechanism. The mechanism consists of two planar single-loop four-bar mechanisms arranged symmetrically in space. According to the requirements of different road conditions, it can realize three movement modes of sliding, rolling and crawling. First, the spatial 3R (revolute pair) kinematic branch chain is constructed that based on the 2R branch chain by screw theory. Then, based on the spatial line geometry theory and the position relation of the axis of the kinematic pair of the spatial 3R kinematic branch chain, the spatial single-loop four-bar linkage is synthesized. To realize the design requirements of multi-mode mobile mechanism, one of the planar single-loop four-bar structures is selected as the basic framework. Finally, the feasibility of freedom degree and motion mode of the mechanism is analyzed. The results of simulation and experimental which are carried out by SolidWorks shows that the mechanism can adapt to a variety of complex road conditions and has good maneuverability, and this method is useful for the design of multimode mobile mechanisms.
Introduction
With the continuous maturity and development of mobile robot technology, its application is more and more extensive, involving engineering exploration, anti-terrorism and anti-riot, military reconnaissance, rescue, interstellar exploration and other fields [1] [2] . In these applications, mobile mechanisms become stable, simple, efficient, and easy to control mobile platform. In recent years,the parallel mechanism have been used to construct the mobile mechanism.Dunlop [3] used the Delta mechanism to construct a biped mechanism.Sugahara et al. [4] developed a WL-16R biped walking robot which has two 6-DOF parallel mechanism legs.Zhang et al. [5] ,propsed a walking robot based on a 3-RPC parallel mechanism.Meanwhile more and more researchers were attracted by several classes of reconfigurable mechanism that can realize mutiple modes [6] [7] [8] [9] [10] [11] [12] . However, The theoretical derivation of the configuration of the mechanism is not given.
This paper designs a multi-mode moving mechanism through the comprehensive theory of screw theory. Two planar single-loop four-bar mechanisms are used as the base frame in the mechanical structure. It can realize multiple motion modes, such as sliding, rolling and crawling. The mechanism has the advantages of easy control, reliable structure, convenient manufacturing and stable walking. Through the screw theory to synthesize the mechanism, and the degree of freedom of the mechanism is obtained, which proves the feasibility of realizing multiple motion modes of the mechanism. Using SolidWorks to build a 3D model for simulation and experiment, it proves that the robot is easy to control and has good motion performance.
Design of Single-loop Four-bar Mechanism

Design and Constraint Analysis of 3R Kinematic Branch Chain
In mechanism studies, the spatial geometry relation between adjacent motion pairs of kinematic chain are coplanar and heteromorphic, which can be divided into parallel and intersection points. In the process of mechanism motion, the geometric relation of adjacent motion pairs does not change. the kinematic branch chain is extended that based on two revolute pairs. The branch that contained three revolute pairs is constructed, and the branch constraint system is analyzed. The relationship of the axes of two revolute pairs are parallel, intersected at one point and intersected in space, as shown in Figure 1 . According to line geometry theory, three revolute pairs as moving pairs can form branches of seven different constraint geometry conditions in space. Figure 2 shows seven spatially different structural morphologies based on spatial 3R branches formed by abutting extensions of planar 2R branches. The unit screw of the revolute pair can be expressed as:
Where s = ( , , ) represents the direction cosines of the axis of the revolute pair on the three coordinate axes. R is the position vector of any point on the axis of screw.
The constraint screw of seven different 3R kinematic branch chains in table 1 can be analyzed through screw theory. The coordinate position of each branch is shown in Figure 2 ,where c represents coplane,s represents staggered. The motion screw, constraint screw and the binding type formed of each branch are shown in table 1. F and C respectively represent the constrained force and couple. H represents the constrained screw. 
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Structural Design of Planar Single Loop Four Bar Linkage
Common movement pairs, such as revolute pair, prismatic pair, universal joint, cylindrical pair, etc. Compared with other moving pairs, the revolute pair has the advantages of full turnover and wide space range. By changing the position of the axis, the configuration of the rotating accessory joint has an arbitrary range of motion in space. Therefore, in the process of designing a multi-mode moving parallel mechanism, more joints are formed by using the revolute pair. As known in section1, there are seven different types of motion branches formed by 3R branches in space. Reference [12] gives a single-loop 6R mechanism formed by combining the two different 3R kinematic branch chains which shown in Figure 2 . To make the multi-mode mobile mechanisms have simple structure, easy to control and good maneuverability. The planar single-loop mechanism of the constituent mechanism should have the advantages of structural symmetry and simple movement relationship between the motion pairs. Therefore, select the space 3R kinematic branch chain shown in Figure (d) of Figure 2 as a branch. Positional relationship is: -R//R(⊥)R-. Take it as a kinematic branching chain, by means of screw theory and space line geometry, a plane single-loop 6R mechanism is constructed.
Arrange the axis of the two revolute pair perpendicular to each other in the space and form universal hinge. At this point, the 3R kinematic branch chain is composed of the revolute pair and universal hinge, the axis of the revolute pairs is parallel to a certain direction axis of universal hinge. Therefore, the planar single-loop 6R mechanism can be simplified to planar four-bar mechanism that makes the structure design simpler and easier to control. The specific transformation process is shown in Figure 3 .
Mechanism Description and Degree of Freedom Analysis of Planar Single-loop Four-bar Mechanism
The spatial single-loop four-bar mechanism under the initial configuration shown in Figure 4 .The mechanism consists of the connecting rods AB, CD, BC and the frame AD. The connecting rods AB, CD and BC are connected by the revolute pair, and connected to the frame AD through the universal joint. The axis of the two revolute pairs is coplanar and parallel, the axis of the two universal hinges is coplanar. In the initial configuration, the connecting rods AB, CD are perpendicular to the frame AD. The frame AD is connected to the rod BC through two kinematic branch chains. As shown in Figure 4 , a fixed coordinate system 0-xyz is established for the single-loop four-bar mechanism. The coordinate origin O point of the fixed coordinate system coincides with the universal hinge center point A. To facilitate the view, the fixed coordinate system is floated to the position shown in the Figure 4 . The direction of the arrow represents the direction of the axis of the kinematic screw. The axes of $ 1 ,$ ,$ and $ 1 are parallel to the X axis, and the axis of $ 2 and $ 2 is coincident and go along with the Y-axis.
Single-loop four-bar mechanism is a symmetrical mechanism. The length of the rod AB and CD are equal and set to 1 , the length of the rod BC is 2 , and the length of rod AD is 3 . Using the rod BC as a mechanism motion platform, $ 1 , $ 2 , and $ form the first branch chain, $ 1 , $ 2 , and$ form the second branch chain.
In the initial configuration, the kinematic screw of the first branch chain is:
The reciprocal screw is taken for Eq (1), The first branch of the constrained reciprocal screw system can be expressed as: 
where, M is the mobility of the mechanism, n is the number of links, g is the number of kinematic pairs, is the freedom of the i th pair represents the parallel redundancy constraint, and is the passive DOF, respectively. By Eq. (5), The DOF of the mechanism can be obtained and equal to 5.
Structural Design and Motion Pattern Analysis of Multi-mode Mobile Mechanism
According to the analysis in Section 3, the single-loop four-bar mechanism has 5 degrees of freedom. For the rod BC, Eq. (2) and Eq. (4) are the constrained screw. Taking three reciprocal screw for the above two formulas, the constraint screw of the mechanism $ can be obtained $ = [0,0,0; 0,0,1] it means that the mechanical can rotate and move around the X-axis and the Y-axis, and move along the Z-axis, so that the mechanism has a good degree of activity. Through the screw theory to construct the mechanism, the two single-loop four-bar mechanisms are connected by a fixed platform, and two single-loop four-bar mechanisms are placed parallel and symmetrically in space to form the body of multi-mode mobile mechanism. are coaxial. So, the whole mechanism can be equivalent to a plane single loop four bar mechanism. Therefore, the total freedom of the mechanism is equal to 5. It can achieve three modes of sliding, rolling and crawling. As shown in table 2. 
Conclusions
A multi-mode moving mechanism was designed that can achieve three modes of sliding, rolling and crawling. The simulation shows that the mechanism can realize the three motion modes. The screw theory was used to synthesize the multi-mode moving mechanism at the first time. Through the screw axis relationship in the space of the linear geometry and design requirements, integrated the desired mechanism. It provides a new idea for the design of multi-mode mobile mechanism.
